<]
TUDelft

Delft University of Technology

A musculoskeletal model of the hand and wrist
model definition and evaluation

Mirakhorlo, M.; Van Beek, N.; Wesseling, M.; Maas, H.; Veeger, H. E.J.; Jonkers, I.

DOI
10.1080/10255842.2018.1490952

Publication date
2018

Document Version
Final published version

Published in
Computer Methods in Biomechanics and Biomedical Engineering

Citation (APA)

Mirakhorlo, M., Van Beek, N., Wesseling, M., Maas, H., Veeger, H. E. J., & Jonkers, I. (2018). A
musculoskeletal model of the hand and wrist: model definition and evaluation. Computer Methods in
Biomechanics and Biomedical Engineering, 21(9), 548-557.
https://doi.org/10.1080/10255842.2018.1490952

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1080/10255842.2018.1490952
https://doi.org/10.1080/10255842.2018.1490952

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING
https://doi.org/10.1080/10255842.2018.1490952

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ‘ N Checkforupdates‘

A musculoskeletal model of the hand and wrist: model definition

and evaluation

M. Mirakhorlo?, N. Van Beek?, M. Wesseling®, H. Maas®, H. E. J. Veeger®©

and I. Jonkers®

®Department of Human Movement Sciences, VU University, Amsterdam, the Netherlands; bDepartment of Human Movement
Sciences, KU Leuven, Leuven, Belgium; “Department of Biomechanical Engineering, Delft University of Technology, Delft, the

Netherlands

ABSTRACT

To improve our understanding on the neuromechanics of finger movements, a comprehensive
musculoskeletal model is needed. The aim of this study was to build a musculoskeletal model
of the hand and wrist, based on one consistent data set of the relevant anatomical parameters.
We built and tested a model including the hand and wrist segments, as well as the muscles of
the forearm and hand in OpenSim. In total, the model comprises 19 segments (with the carpal
bones modeled as one segment) with 23 degrees of freedom and 43 muscles. All required ana-
tomical input data, including bone masses and inertias, joint axis positions and orientations as
well as muscle morphological parameters (i.e. PCSA, mass, optimal fiber length and tendon
length) were obtained from one cadaver of which the data set was recently published. Model
validity was investigated by first comparing computed muscle moment arms at the index finger
metacarpophalangeal (MCP) joint and wrist joint to published reference values. Secondly, the
muscle forces during pinching were computed using static optimization and compared to previ-
ously measured intraoperative reference values. Computed and measured moment arms of
muscles at both index MCP and wrist showed high correlation coefficients (r=0.88 averaged
across all muscles) and modest root mean square deviation (RMSD =23% averaged across all
muscles). Computed extrinsic flexor forces of the index finger during index pinch task were
within one standard deviation of previously measured in-vivo tendon forces. These results pro-
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vide an indication of model validity for use in estimating muscle forces during static tasks.

Introduction

A musculoskeletal model of the hand and wrist that
includes intrinsic and extrinsic muscles, as well as the
finger extensor mechanism can provide insight into
hand function and motor control. Most of the avail-
able models are incomplete in a sense that they do
not include the wrist joint or do not take into account
the effect of the extrinsic finger muscles over that
joint, or vice versa. It is well known that the relative
position of the wrist has mechanical consequences on
hand function; for instance on grip strength and fin-
ger motor control (O’Driscoll et al. 1992; Li 2002;
Park et al. 2015). Hand function can therefore only
limitedly be studied without accounting for the
wrist mechanics.

Several musculoskeletal models consist of only one
finger (Brook et al. 1995; Valero-Cuevas et al. 2000;
Sancho-Bru et al. 2001; Wu et al. 2010; Allouch et al.

2015; Babikian et al. 2016) or focus solely on the
thumb (Valero-Cuevas et al. 2003; Vigouroux et al.
2009; Wu et al. 2009). Recently more complete hand
models were introduced, most of them still without
including the wrist joint (Sancho-Bru et al. 2014;
Vignais and Marin 2014; Lee et al. 2015; MacIntosh
and Keir 2017). Recently, a finger and wrist model
(Binder-Markey and Murray 2017) was presented,
however, based on anatomical data derived from mul-
tiple sources and therefore scaled assuming a linear
correlation with anthropometric data. This approach
may not be justified for all parameters and may differ
across muscle structures of the hand and fingers. For
instance, considerably higher inter-subject variation
for muscle mass and PCSAs of intrinsic muscles com-
pared to reported
(Jacobson et al. 1992). Considering the model sensi-
tivity to these parameters (Ackland et al. 2012),

extrinsic muscles has been
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uniform scaling across muscles could be one of the
reasons to impose unwanted inaccuracies to the
model results. In a recent study, it was shown that
using multiple instead of a single source for the ana-
tomical parameters can lead to large (up to 180%)
errors in muscle force prediction (De Monsabert et al.
2018). Therefore, there is a need for a musculoskeletal
model of the hand and wrist that is based on a com-
plete and consistent data set for the muscular parame-
ters, therefore, alleviating the complexity of scaling. It
should be noted that using a single cadaver limits the
model in term of generalizability. Such a consistent
data set was previously published by the authors
(Mirakhorlo et al. 2016).

Another important feature of the hand and fingers
is the extensor mechanism. This connective tissue
structure connects the distal tendons of palmar inter-
osseous, lumbrical and extensor digitorum muscles
(Garcia-Elias et al. 1991). Due to this structure,
intrinsic muscles exert flexion moments at the meta-
carpophalangeal (MCP) joints, but
moments at the proximal interphalangeal (PIP) joints.
This mechanisms mechanically couples the intrinsic
muscles and distributes the forces exerted by the
extrinsic extensor digitorum (Synek and Pahr 2016)
and is typically modeled using a lateral and medial
band (Valero-Cuevas et al. 1998).

Taking into account the wrist and using coherent
input parameters are of great importance in modeling
of the hand. The aim of the current study was to
build a 3D model of the hand, which also includes a
description of the wrist that is based on one consist-
ent anatomical data set. Model performance was eval-
uated by comparing muscle moment arms at the
index finger MCP joint and wrist joint, for which
experimental data have been published (An et al.
1983; Kursa et al. 2005). In addition, tendon forces
predicted by the model are compared to previously
published experimentally obtained data sets (Kursa
et al. 2005).

extension

Methods
Model

The model was constructed using OpenSim 3.3 (Delp
et al. 2007) comprising 22 segments including thumb
(I), index (II), middle (III), ring (IV) and little (v) fin-
gers with 26 degrees of freedom. The carpal bones
were modeled as one single segment (see limitation
part of the discussion for consequences of this simpli-
fication). All required anatomical input data including

bone masses and inertias, joint axis positions and ori-
entations and muscle morphological parameters
(including PCSA, mass, optimal fiber length and ten-
don length as well as muscle origins, insertions, via-
points and wrapping surfaces) were obtained from a
single cadaver data set (Mirakhorlo et al. 2016). As
we have access to all the required parameters, there
was no need to use any of the components of existing
models available in the OpenSim, except for the bone
geometries that were used for visualization pur-
poses only.

Joints

The MCP joints have two degrees of freedom, allow-
ing for flexion-extension and abduction-adduction.
The PIP and distal interphalangeal (DIP) joints have
one degree of freedom (flexion-extension). The
thumb carpal-metacarpal (CMC) joint is modeled as a
saddle joint connecting metacarpal bones to the car-
pals with two degrees of freedom (flexion-extension
and abduction-adduction). The carpal segment,
linked to the ulna as a saddle joint, allows the
flexion—extension and radial/ulnar deviation relative
to the wrist. This simplified modeling of wrist, in
contrast to more realistic modeling (Fischli et al.
2009; Majors and Wayne 2011) that accounts for
complex kinematics of the human wrist, may affect
the outcomes of the model, as elaborated in the limi-
tation section of discussion. A joint with one degree
of freedom connects the ulna and radius enabling
forearm pronation/supination.

Muscles

All 43 muscle-tendon units have been defined as line
segments (Figure 1(a)) with cylindrical wrapping sur-
faces for MCP, PIP and DIP joints. Maximum isomet-
ric muscle forces have been calculated based on the
PCSAs, considering a specific tension of 55 N/cm?,

() (b)

Extensor digitorum &
Lumbical insertion points

Extensor digitorum

Dorsal Interosseus

_,1 attcchment point Dorsal Interosseus

Lumbrical

Figure 1. Tendon paths of all muscles (a) and the structure of
the extensor mechanism of the index finger (b). Gray surfaces
represent bone segments; these surfaces are shown for visual-
ization purposes only.
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which is obtained from an in-vivo human study
(O’Brien et al. 2010). Since multiple attachment
points are available in our data set for the extensor
mechanism, these are modeled using separate paths,
sharing via-points particularly in the distal region of
the extensor mechanism analogous to its medial
bands (Valero-Cuevas et al. 1998) (Figure 1(b)).
Unlike the medial bands, the lateral bands require
multiple insertions for a single muscle-tendon unit
path model, which is not feasible in OpenSim.
Therefore, the lateral bands of the extensor mechan-
ism were not included in the model.

Modification and scaling

As the attachment points of lumbricals III and IV
were missing from the anatomical data set due to
technical problems explained in (Mirakhorlo et al.
2016), the paths of these muscles were estimated by
scaling based on the attachment points of the first
lumbrical and the lengths of the index, middle and
ring phalanges. Furthermore, due to lack of sufficient
via-points in the data set for flexor digitorum superfi-
cialis (FDS) II and III, flexor digitorum profundus
(FDP) 1V, extensor digitorum (ED) II, ED IV, ED V
(See Table 1 for abbreviations), an additional via
point, in the middle between two measured via points
located at metacarpal and proximal phalange, was
added for all muscles mentioned above.

To accommodate for a discrepancy in the total
length of the modeled muscle elements compared to
the measured ones (Mirakhorlo et al. 2016), mainly
because of simplification of the muscle-tendon units
to straight lines, a scaling step was applied to the
actual measured fiber and tendon slack lengths in
order to achieve active muscle force production for
the whole range of finger and wrist motion.
Therefore, both experimentally measured tendon slack
lengths and a fiber length of each individual muscle
were scaled based on a scaling factor derived from
the total muscle-tendon length computed by
OpenSim and the experimentally measured total
muscle-tendon length. The scaling procedure was
verified by evaluating the active force exerted by the
extrinsic finger flexors (FDS and FDP) in the neutral

Table 1. Muscle abbreviations.

El Extensor indicis ECRL
ED  Extensor digitorum ECRB
FDS  Flexor digitorum superficialis ECU
FDP  Flexor digitorum profundus  FCR
LU  Lumbricales FCU
Pl Palmar interosseus

DI Dorsal interosseus

Extensor carpi radialis longus
Extensor carpi radialis brevis
Extensor carpi ulnaris

Flexor carpi radialis

Flexor carpi ulnaris

anatomical position (with all joint angles at 0°) and
in the maximally flexed position: wrist flexion: 75°
(Glnal et al. 1996), MCP: 90°, PIP: 101° and DIP:
84° (Bain et al. 2014). Except for the modified and
scaled parameters, all the other experimentally meas-
ured anatomical parameters were implemented in the
model without any changes.

Comparison with experimental data

Moment arms
ion/extension

during finger and wrist flex-

We computed the moment arms of muscles crossing
index finger for MCP, PIP and DIP flexion over a
range of motion of 90°, 90° and 55°, respectively.
These ranges were selected similar to the ranges of a
previous experimental study (An et al. 1983) to which
the computed moment arms were compared. Patterns
compared with experimentally
derived moment arms of the index finger MCP joint
for one representative cadaver (out of seven) during
MCP flexion (An et al. 1983). An et al. (1983) pro-
vided the angle-dependent moment arms only for one
cadaver and only during MCP flexion. The computed
moment arms were compared to the mean moment
arms of MCP, PIP and DIP joints averaged over the
imposed range of joint movement. For all four fin-
gers, the moment arms were computed at the MCP,
PIP and DIP joints. Only some basic anthropometric
measurements, length, and thickness of phalanx, are
available for both An et al. (1983) and the cadaver
dissected for the anatomical data as the model input
(Mirakhorlo et al. 2016). There were some differences
in the length of phalanx between the cadavers studied
in An et al. (1983) and (Mirakhorlo et al. 2016) that
is up to 2mm in middle phalanx length, which may
limit the comparison of the model’s outcome and An
et al. (1983) moment arms (see Discussion section).

In addition, wrist flexion-extension moment arms
were computed for the muscles crossing the wrist
(ECRL, ECRB, ECU, FCR, and FCU) and the extrin-
sic finger flexors (FDS II-IV and FDP II-IV). These
were compared with previously published moment
arms (Loren et al. 1996; Brand and Hollister 1999).
As Loren et al. (1996) only presented lower and upper
bands of the moment arms of the wrist muscles, the
estimated average curve was used. To our knowledge,
no experimentally measured moment arms of the
extrinsic finger extensors (ED and EDI) at the wrist
have been published.

and values were
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Calculation of pinch force

Muscle forces during pinching were computed and
compared to intraoperatively measured FDS and FDP
tendon forces during slow rate loaded pinching
(Kursa et al. 2005) in which subjects were instructed
to exert force in slow, medium and fast rate loading
conditions equal to 1.5, 5 and 15 N/s. Kursa et al.
(2005) reported the ratio of FDP and FDS forces to
the applied fingertip force, hence, these ratios were
also calculated from the model results. Finger joint
angles of the model were set to the mean angles
reported (MCP: 33°, PIP: 51° and DIP: 54°) with
wrist angle at 15° at extension and pinch forces were
applied ranging between 2 and 10 N at an angle of
60° to the fingertip (Kursa et al. 2005). As the point
of force application on the fingertip was not reported,
it was estimated based on the provided figure
(Figure 1 in Kursa et al. 2005), using the dimension
of the force sensor for calibration, being 22 mm dis-
tally from the DIP joint. Static optimization, as imple-
mented in OpenSim, was used to estimate the
individual muscle-tendon forces that counterbalanced
the external moment using the only available cost
function in OpenSim (i.e. Y] of); where o= muscle
activation and using p=3. All implemented muscles

140

Il aximum Isometric force
[ Neutral posture

1200 1] Fully flexed joints

Force(N)

FDP FDS FDP FDS FDP FDS FDP  FDS
Index Middle Ring Little
Figure 2. Theoretically maximum isometric muscle forces and
calculated forces in the neutral hand position (joint angles at
0°) and fully flexed position (wrist: 75°, MCP: 90°, PIP°: 101°,
DIP: 84°)

were involved in optimization and all degrees of free-
dom of index finger and wrist were included in the
inverse dynamics analysis.

Analysis

To compare model and experimental moment arms
during MCP flexion of the index finger and wrist flex-
ion/extension, correlation coefficients (r) and root
mean square deviation (RMSD) were calculated. For
the moment arms at the wrist, RMSD and r-values of
FDS and FDP were averaged across fingers II-V. The
ratio of computed muscle-tendon forces to the finger-
tip force during the pinch task was compared with the
experimental measurements (Kursa et al. 2005).
All  calculations were performed in Matlab
(2014, Mathworks).

Results
Muscle active force production

In a maximally flexed position, the muscle fibers of
the extrinsic flexors (FDS and FDP) still produce
active force, but considerably lower than in the neu-
tral position (Figure 2). Furthermore, the active
muscle forces in the neutral anatomical position were
only slightly lower (0-5 N) than the theoretical max-
imum isometric forces (calculated based on PCSAs
and the specific tension) (Figure 2).

Moment arm evaluation

For both the intrinsic and the extrinsic muscles
(r>0.83 and >0.93; Table 2) high correlation coefti-
cients between the computed and experimentally
derived moment arms (An et al. 1983) were found.
The magnitudes of moment arms were quite similar
to the extrinsic muscles (Figure 3a); RMSD ranged
from 8.7 to 15.4% (Table 2), and were substantially
less similar for the intrinsic muscles; RMSD ranged
between 19 and 61% (Table 2 and Figure 3b).

Muscle (Wrist) ECRBECRL

The mean flexion-extension moment arms of the
muscles crossing the MCP, PIP and DIP joints of the

Table 2. Correlation coefficients between model and experimental flexion-extenstion moment arms of the index MCP joint dur-
ing MCP flexion and of the wrist joint during wrist flexion-extension (p < 0.001) (see Table 1 for abbreviations).

Muscle (Index) ED Il El FDS 1l FDP I LU I DI | PLII
Correlation (r) 0.87 0.83 0.98 0.97 0.94 0.93 0.97
RMSD (%) 12.8 8.7 9.8 154 27.52 61.1 19.54
Muscle (Wrist) ECRB ECRL ECU FCU FCR FDS FDP
Correlation (r) 0.97 0.99 0.75 0.51 0.69 0.98° 0.98°
RMSD (%) 194 31.2 41.6 18.5 135 15.4° 34.72

Averaged for all fingers (II-V).
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index finger were similar to those measured experi-
mentally (An et al. 1979) (Table 2). Only the com-
puted moment arm of the lumbrical at MCP was
considerably lower than experimental measurements
(An et al. 1979).

The patterns of the moment arms for ECRB,
ECRL, FDP and FDS at the wrist joint during wrist
flexion—-extension were similar to the experimentally
obtained data from the literature (Figure 4; r>0.97;
Table 2). For the ECRB and FDS, the mean deviation
from experimental moment arms (RMSD) was mod-
est (19 and 15%, respectively). However, the error for
ECRL and FDP RMSDs were higher (31.2 and 34.7%,
respectively; Table 2). The level of similarity was low
for ECU, FCR and FCU. Correlation coefficients (r
value) were 0.75, 0.69 and 0.51 for ECU, FCR and
FCU, respectively. The deviations for FCR and FCU
were small (RMSD <15.4%), but large for ECU
(41.6%; Table 2).

Computed muscle moment arms for all fingers
and joints

For each muscle, the joint angle-moment arm curves
were quite similar across fingers (Figure 5). The
intrinsic muscles except for DI act as an extensor of
the PIP joint. PI II moment arm was similar to ED II
and slightly increases during PIP flexion. However,
LU moment arm decreased on flexion of PIP. FDS

EEEE b b i

—+— Extensor-Digi-Il Exp
—6— Extensor-Indicis Exp
0Or —#— Flex-Digi-Profundus-Il Exp B
—<&— Flex-Digi-Superficialis-Il Exp
=+ Extensor-Digi-ll Model

—0- Extensor-Indicis Model

—# Flex-Digi-Profundus-Il Model g
=< Flex-Digi-Superficialis-1l Model

Moment Arms (mm)
o
2

4—g
~ < * N —<—<
" DR R PP

-20 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 80 90

Index MCP flexion(Deg)

and FDP moment arms at MCP and PIP joints of all
fingers (II, III, IV, V) followed a similar pattern and
increased upon flexion of MCP and PIP joints. FDP
moment arm at DIP joint upon flexion of DIP was
slightly decreasing except for ring finger. Moment
arms of ED III, IV and V at MCP, PIP and DIP
joints, similar to ED II, were almost constant during
MCP, PIP and DIP flexion. Similar to the index fin-
ger, intrinsic muscles of middle, ring and little fingers
acted as a flexor of the MCP joint and as an extensor
of the PIP joint (Figure 5).

Force evaluation

The FDS and FDP muscle-tendon forces of the index
finger during pinch computed by the model were
similar to forces obtained experimentally (Figure 6).
The calculated FDP and FDS forces to applied finger-
tip force ratios were 2.5 and 2.3, respectively. These
values were within the standard deviation of meas-
ured in-vivo forces; 2.2+0.8 and 1.5+1.0 for FDP
and FDS reported by Kursa et al. (2005) for the slow
rate loading condition.

Discussion

The main outcome of this study is the musculoskel-
etal model of the hand and wrist based on one coher-
ent anatomical data set. The model yields similar

" —— Lumbrical-l Exp
—6— Dorsal-Interosseus-Il Exp
—#— Palmar-Interosseus-Il Exp
=+ Lumbrical-l Model

=0~ Dorsal-Interosseus-1l Model
—# Palmar-Interosseus-Il Mo

Moment Arms (mm)

0 10 20 30 40 50 60 70 80 90
Index MCP flexion(Deg)

Figure 3. Comparison of model flexion—extension moment arms of MCP joint of the index finger during MCP movement
(Model—dashed lines) with those experimentally measured (Exp—solid lines) (An et al. 1979). (a) extrinsic muscles; (b) intrin-

sic muscles.
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2 5% ——ECRBExp
g —6—ECRLExp
< ——ECUExp
c o0 —<4— FCUEXp 1
g —>— FCRExp
o -+ ECRBModel
= 5 -0~ ECRLModel :

-# ECUModel
0 -<& FCUModel
B (278 =P FCRModel
DR R R PEA:
15 o ¢ g ¢—< ::",
S o p—P P " p B
S o ST SUUUNS e
-20 : :

-40 -20 0 20 40
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(b) © p
///
- &/;
Loy ?
‘47
// p //
-5 F 4/// 7

—FDS Exp
——FDP Exp 4
——FDSI
- = FDS1I
- =FDS IV
= FDSV
—— FDPII 7
- - FDPII
- =FDP IV
= FDPV

Moment Arms (mm)
\
AY

-20

-25 : :
30 20 10 0 10 20 30

Wrist flexion(-)/extension (+)(Deg)

Figure 4. Model (dashed lines) and measured (Exp—solid lines) movement (Brand and Hollister 1999, Loren et al. 1996) moment
arms at the flexion—extension axis of the wrist joint during flexion—extension wrist (see Table 1 for abbreviations of muscles).

patterns of calculated moment arms for muscles
crossing index finger and wrist joint comparable to
previously published moment arms (An et al. 1983)
and muscle forces of FDP and FDS during a pinch
task comparable to intra-operatively measured tendon
forces, reported in literature (Kursa et al. 2005).

For the extrinsic muscles, the agreement between
experimentally measured and computed moment
arms was high. For the intrinsic muscles, the agree-
ment was not as good. It should be noted that the
presented experimental moment arms (Figure 3), as
well as the quantitative comparison, were based on
one representative cadaver, out of seven cadavers (An
et al. 1983) since in that study only one cadaver
moment arm acts as a function of joint angle were
presented. The higher error for the intrinsic muscles
can be explained by the differences in anthropometric
data between cadavers (for instance middle phalanx
length was 22.45 mm in the cadaver of our study and
was 24.67 £ 1.37 mm in the cadavers measured by An
et al. (1983)). In particular for the moment arm of
the lumbrical this might explain why the computed
moment arm of this muscle is not within inter-subject
deviation (An et al. 1983) (Table 3). In a similar
approach, Kociolek and Keir (2011) compared FDS
and FDP moment arms using a different experimental
protocol. They reported mean moment arms ranging
between 11.9 and 12.7 mm, which were very close to
the mean values in our study (Table 3). They showed
that scaling can improve the model’s outcome in term

of extrinsic muscle prediction, however, they did not
study intrinsic muscles.

As expected from anatomical similarity of fingers,
the moment arms of middle, ring and little finger fol-
lowed a similar pattern as those of the index finger
(Figure 5). In general, moment arms of muscles cross-
ing little and ring finger had a lower magnitude than
that of the index and middle finger.

For the flexion-extension axis of the wrist joint,
moment arms were similar to previously reported
wrist experimental data (Loren et al. 1996). However,
poor correlations (FCU and FCR) and high deviation
errors (ECRL and FDP at wrist) were observed (Table
2). This may be related to the high variability in
experimental results (Loren et al. 1996). They only
provided the upper and lower bands of moment
arms, which varied substantially throughout the range
of motion, indicating different patterns between
cadavers. For instance, this difference ranged from
around 3.4 to 0.7 mm for the FCU and 2.8 to 0.8 mm
for the FCR. The poor correlation of the model’s
FCU and FCR moment arms with these measure-
ments might therefore at least to some extent also be
related to variability in experimental results.

It was shown in Figure 2 that extrinsic muscles can
produce acceptable force in the finger and wrist range
of motions. Considering the muscle force-length rela-
tionship and verified moment arms, these results
implicitly indicate the capability of the muscles to
produce reasonable active and passive joint moments
within the range of movement.
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MCP

Index (I1)
Moment Arms (mm)

Middle (1)
Moment Arms (mm)

Ring (V)
Moment Arms (mm)

Little (V)
Moment Arms (mm)

0 15 30 45 60 75 90 0 15 30
Joint angle(Deg)

—>

Flexion

Joint angle(Deg)
—>
Flexion

45 60 75 90 0 10 20 30 40 50
Joint angle (Deg)

—>

Flexion

—ED ——El ——FP —+—FS ——Lu —=—D| ——P|

Figure 5. Moment arms of extrinsic and intrinsic muscles as a function of MCP (a, d, g, j), PIP (b, e, h, k) and DIP (c, f, i, I)

joint angle.

Table 3. Muscle moment arms (mm) at MCP, PIP and DIP joints of the index finger computed by model and experimentally

measured (mean =SD) (An et al. 1983).

ED Il El FDS Il FDP II LU I DIl PLII
McCP
Experimental 8.6+16 9.0£13 -11.9+£0.7 —11.1+1.1 —93+2.1 —37+14 —6.6+2.1
Model 8.27 8.02 —12.6 -11.9 —35 —5.1 —53
PIP
Experimental 28+1.1 26+1.1 —6.2+1.0 —79+£1.1 1.8+£13 - 26+08
Model 4.46 4.46 —9.37 —8.85 1.15 - 4.23
DIP
Experimental 22+04 1.9+£05 - —41£14 0.7+0.6 - 1.6+0.5
Model 2.83 2.83 - —3.63 1.87 - 2.71

(=) Indicates flexion moment arms. Moment arms averaged over the range of imposed joint motions (See Table 1 for abbreviations of muscles). Moment
arms reported by (An et al. 1983) (Table 3) were multiplied by 10, because we concluded that the values reported had to be in cm instead of mm.

The comparable discourses of computed and meas-
ured tendon forces during the pinch task provide fur-
ther support to the validity of the developed model.
Extrinsic flexor tendon forces computed during pinch
were similar with in vivo recorded forces. In both
cases, a comparable linear relationship between ten-
don and fingertip forces was found (Figure 6). Kursa
et al. (2005) also reported in-vivo recorded force
ratios of each subject. These ratios were similar for
FDS and FDP for some subjects (ranging from

around 2 to 2.5), which compares closely to the simi-
lar force ratios of 2.5 and 2.3 for FDP and FDS com-
puted by the presented model. Consistency of
predicted and measured tendon forces is relevant to
justify the extensor mechanism of the model. Intrinsic
muscles contribute to the flexor moment at the MCP
joint and act to balance the external moment at the
PIP joint. All intrinsic muscles are active during
pinch simulation, indicating that intrinsic muscles
play a role in balancing the moments through the
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Figure 6. Comparison of FDP and FDS forces of model (dashed lines) and invivo measurement (solid lines) (Kursa et al. 2005)

during pinch by index finger.

extensor mechanism. There are other experimental
studies measuring in vivo tendon force, such as
Dennerlein et al. (1999). The applied fingertip force
in their study, however, is slightly lower and has dif-
ferent pattern from Kursa et al. (2005), so it is not
possible to compare measured in-vivo tendon force
with predicted forces of our introduced model.

Our model is limited in some aspects. One single
cadaver has the advantage of consistency but maybe
limits the model in terms of its generalizability. Poor
correlation of computed FCU and FCR moment arms
with experimental ones and high errors for LU I
might be due to errors in the measured attachment
points of the data set (Mirakhorlo et al. 2016), inevit-
able simplification of the model in dividing muscles
into straight line elements or lack of measured wrap-
ping surface at the wrist. Simplification of wrist kine-
matics by ignoring the carpal bones may also play a
role to the inaccuracies in the model’s prediction of
wrist moment arms. The wrist joint kinematics is
complicated for modeling, not only due to the com-
plex mechanical interaction of carpal bones but also
due to cartilage layers and ligamentous structures
(Fischli et al. 2009). The current model does not
include the structures and therefore may impose inac-
curacies to the computed moment arms. The limita-
tion of the model to not accurately follow the complex
structure of the extensor mechanism and consequently,
the intrinsic muscles may also be partially responsible
for the deviations between model and experimental
moment arms of the index finger. More specifically,
we did not include the lateral bands of the extensor

mechanism (Valero-Cuevas et al. 1998). The lateral
bands connect the extensor digitorum to the extensor
mechanism and were found to be pulled taut at par-
ticular finger joints angles (Li et al. 2001; Synek and
Pahr 2016). In our model, the extensor digitorum
was connected simply to the extensor mechanism at
the distal part (Figure 1). Rotation of each individual
finger joint affects the adjacent joint kinematics due
to deformations in the joints pulleys which in turn,
affect the reconstructed fingertip force from tendon
forces (Dogadov et al. 2017). This simplification due
to ignoring lateral bands has consequences for
moment arm amplitude and also for force distribution
and finger joint balances. This should be further eluci-
dated in follow-up research. Furthermore, OpenSim
only provides one type of cost function for optimiza-
tion. In order to improve the model force predictions,
other optimization approaches, such as new method
introduced by (MacIntosh and Keir 2017) which
account for co-contraction, may be used.

The current musculoskeletal model is one of the
first-hand models that include the wrist and all the
fingers and is based on a consistent anatomical data
set. As the first step to evaluate the model, model per-
formance was verified at the level of the computed
moment arms of muscle crossing index and extrinsic
flexors of the index finger during index pinch. Based
on this verification, the model can, for example be
used for investigating the wrist and finger interaction
during static tasks. However, for other tasks such as
unstable dynamic movements (Valero-Cuevas 2005),
more specific validations will indeed be required.
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The presented musculoskeletal model of hand and
wrist can be a powerful tool to further improve our
understanding of hand motor control. For example,
the role of connections between tendons (Kilbreath
and Gandevia 1994; Leijnse et al. 1997) or muscle bel-
lies (Maas and Sandercock 2010) for controlling fin-
ger movements could be assessed. How such
connections limit finger independence could be
studied, however, this would require adding elements
connecting  tendons and/or muscle bellies.
Furthermore, the model can provide more insight
into hand-wrist mechanical interaction (as conse-
quence of shared moment arms) and its effect on
motor control of the fingers.
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